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George 1. Bell
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1. ABSTRACT

The Human Genome Project will obtain high-resolution genetic and physical maps of each humnn
chromosome and. somewhnt later, of the complete nucleotide sequence of the deoxyribonucleic neid
(DNA) in & human cell. The talk will begin with an extended introduction to explain the Project to non-
biologists and to show that map construction and sequence determination require extensive computation
in order to determine the correct order of the mapped entities and to provide estinintes of uncertainty.
Computational analysis of the sequence datas will become an incressingly important part of the project,

and soine computational challenges ure described.

2. Introduction

All of the information that is required to specify a hu-
man Leing is encuded it the DNA of & human cell.
That DNA may be regarded ns o set of 46 linear
molecules, corresponding to the 23 puairs of chromo-
somes, one from cach parent, where each molecule is n
chain of nueleotides or bases that are of four different
kinds. denoted A, C. G, and T, Thus, as a first approx-
imation, DNA may be considered & lung linear message
written in a four-letter alphabet  long in that there
are sbout six billion bases in the 46 chiromosomes of a
Liuinan cell. Genes, traditionnl units of inheritance, are
located here and there along the chiromosomes. There
nre of the order of 10 genes in the human genome,
and a typical gene encodes the information to mnke
u phrticular protein molecule. These concepta will be
explained more fully in the tulk airl are discussed in
Refs. (1)-(3), with relution to the Human Genome
Project.

3. Some Computational Problems in Map and
Sequence Assemnbly

An ewrly objective of the Project is to make o high:
resolution genetic Iimksge mnp of ench hunnn chro-
mosome, wineh v 1o loerate getnes and other genetie
ma kers wt a uniforaly high density aloug ench chro.
mosotne. The sepurntion between two mmkers, on the
siune chiromosomie, is exstunnted ftom the probahility
thut they nre imhenited together e poassed from pu
ent to offspring, withont n chiomosonne “erossng over”
between the mnrkets Thus, genetie moaps me com
posed from statistien] nanlyss of fuily stucdies onc the
comilieritanee of hnked winthers The datn for suels
nnalesis nee not shuidnnt, snd the sunultsneons de
terpunntion of the pelative onder and spaemp of oo
ber of mnghers, together with socertmuty estianntes, s
n ttienlt compmtntional task

Another kind of map that the Human Genome Project
aims to produce is an ordered-clone map of each chro-
mosome. Its importance derives from the fuct that the
amount of DNA in a chromosome (~ 10* bnses) is too
long to be directly cloned, sequenced, or otherwise ma-
nipulated. (In this context, cloning refers to the am-
plification of a DNA fragment by its incorporation into
multiplying cells, namely bacteria or yenst.) Chromo-
somul DNA can, hawever, be chopped iuto overlap-
ping clonable fragments, containing 10* — 10* bases,
by using restriction enzymes, but there is then the
problem of how to order the fragments (clones) into
an overall view of the chiromosome. This is done by
pirtially characterizing eacli clone. Two clones that
have enough properties in common are then likely to
contnin & comimon seginent of DNA and thus overlap
on the map. The likelihood of overlup, given the data,
is estimated from Bayes Theorem together with some
maodel of the chiomosome that ean he used to esti-
mate the probabilities of the data, given non-overlap
or given overlap.

Inasmuch as one in nttempting to order 107 = 104 ¢lones
into a map, it i iposkible (o exhaustively ennmerate
all possible orders nnd assess their merits. Therefote,
one first axsembles the most confidently overlapping
clones into ishands (Ccontigy™ ) and then ases some kind
of greedy or branel and hound algorithm o edd o
nnd link the islamds - Estiuntes of aneertainty in the
resulting maps are themselves quite uneettnin There
i therefore, wotendeney toregand allinnps nn - entntise
until they have beey contined by ample tedundnn
Ny

Sl problens anse in genernting the DN A sequence
of n clone, nnely, the clone DNA s too long, tao
ety sequience, so thet it s cut upoanto annlle fing
ments, of leagth - 200 hinses, which can e segueeed,




The problem then arises of reassembling the overlap-
ping sequence fragments into an overall consensus se-
quence of the clone. In this case. the sequence frag-
ments can be pretty well characterized by their se-
Juences, but problems arise from non-random errors
in sequencing and the presence of many repetitive se-
quences i human DNA,

Good estimates of uncerthinty in the cousensus se-
quence are not availuble. Tlis is 0 serious problem
because the determination of such sequences is & ma-
jor part - and probably the most expensive part - of
the Genomo Project. In order to mininize cost, one
would like to minimize the sequencing redundancy re-
quired to produce a consensus sequence with specified
limnits of uncertainty.

As the maps and sequence duta are genernted, they
must be deposited into dotabases that are readily ac-
cessible 10 & large variety of queries. At present.
such datnbases are relational, but resenrch on olject
datubases for this use is underwuay. It appears that the
databases will be distributed, with numerous sutellite
copies of major components. Parallel machines may
Le attractive hosts for such datnbnses.

IV. Problems in Sequence Analysis

As the Genonee Project o ierates new sequence infor-
mation, we would like to be able to rend the message
thereby provided. How ¢an this be done?

At present. the most powerful way to obtain informa-
tion nbout & new sequence 18 by comparnson with a
databiee of all knewn sequences, such av GenBank.
Its sucli comparisons, one cotsiders ali possible nhign-
ments of the new query sequence tof length ¢ bases)
with the database (of length n), seeking regions of
situilarity and mnposing penalties for unsmntelies, -
sertions, e deetions. There are standnnd dynnnae
progrmmunng slgorithms for perfoning tlas seareh
At = eqn. whete ooson constant depending on the
computer syatems, code, ete Unfortauntely, they me
tou slow for rontitie use, even on the fustest supeieoln
puter  For examuple, GenBonok Lins vz 5 0 107, and
n purticwlns code for nosingle processor CIRAY XM D
Liusd ¢ == 107 % soe Thus, to compute o query sequenee
of ¢ = 10" witli GeuBank would tahe ~ 5 5 107 see
= 10 howrs Faster tesnlts nre obtinn nang masavely
putalle! cotputers sinee evidently the datalinse can
be partitioned arong all of the processore For exan
llll', on the G3O00 Processor CN2? 0 wae arongel 10

s However sl grenter spoed s needed siee thie
datnbinse v onw iy idedly wed quenes ne smerons
Two appronches nge providinge thes iereise

In the first (lexical) approacii, one initially compares
the sequences, not allowing for iusertions or deletions,
searchiing for regions that Lave o large unmber of words
(short subsequences) in common. This comparison can
be done very rapidly. for example, by constructing an
index of words in the database that is then compared
to words in the query. Once regions having a high
density of common words have been identified. the dy-
namic programming algorithm can be used. if desired.
to improve the local alignment. Codes, implementing
such approaches, permit ready comparisons of query
sequences with GenBank on scientific workstations or
any more powerful computert?).

The second appruach is to construct special purpose
V'LSI chips that will carry out the dynwnic program-
ming algorithms. Experience with these to date is
more limited than with lexicd methods, but several
are being (or have been) developed and ace expected
to be quite powerful and useful.

Even when a new sequence does not show any sig-
nificaat similanty to known sequences, we would like
tu Le nble to read its message und at the very least to
identify sites of passible functional significance. Molec-
ular biologists know a lot about the non-random use
of words in genetic sequences nnd the associntion of
patterns of word use with functional sites. For ex-
ample. it is known that there is a non-random use of
three-letter words and pairs thereof in DNA sequences
that code for proteins (genes). Moreover, there are
preferred sequences newr the beginnings of genes that
promote gene expression, ete. Unfortunately for hu-
i DNA, such features are generally soft. And when
human DNA sequences are seanned using algorithmes
tincluding nenral nets or rule bused expert systems)
to detect such features, the results mny show good
sepsitivity (most known sites are correctly identified)
but poor selectivity (i.e., the rate of fudse positive s
unncceptably Ligh). The problem is not due to any
lack of computer power but more to a Inck of eritical
dutn, including erystallographic datn on the binding
of enzymes to DNA together with data on the effects
of replacing wdividund bases by alteruntives within a
functionnl site. In additon, it s quite possible that we
do not rently understand just what the proteins (often
ctvmes) that ind to DNA snd INA wee really recop

iz that, for exnmple, mowdiition to dhe loea] se-
quence, some structurad motifs that may be mfluenced
by torsionasd stiess on the DN A donble helix e o

tant  If so, there are senous compainoomal probleme
nasocited with tiving 1o aediet the devaled stue

tural state of w DNA helix suboeet 1o voraonnl stress.
T pntieulmn, under ananwe el stress, cettmn Jaenl
seqiences will be pone taondopt o left haagded el

vid confrmation as contrasted wath the vsanl night

baided helin - Other Jocal palindsonne sequenees iy
exttide erneform structures an the double helis mny
Just come apart The estimation of paobimbihities fin
thiese vnpons colpeting, caonfarintions i n l'l|||||lll‘,\
combamtonind proldem'™



Finally, I refer to the problems of predicting the strue-
ture of & protein from its arnino acid sequence - a sub-
ject to be discussed by the next two speakers. This is
a classical problen. of great importance for the Human
Genome Project. The sequence of bases in the DNA
corresponding to a gene deterriines the sequence of
amino acids in the protein d¢ ~ ed therefrom. There-
fore, as one generates new DNA sequences and, hope-
fully, learns toidentify those coding for a protein, there
will be a need to better predict the likely structure and
function of the proteins. In addition, as if the protein
folding problem is not already hard enough, we would
like to be able to predict the interaction of a folded
protein with an appropriate (or arbitrary) DNA se-
quence.
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